A recent report described a system that used DNA polymerase and polynucleotide-joining enzyme for conversion of single-stranded circular DNA to closed duplex circles.1 There was a requirement in that system for a small amount of the supernatant from a boiled extract of Escherichia coli. The requirement for boiled extract was not well understood although its effect appeared to be on replication of the circular template rather than on the subsequent joining reaction. The present study began as an inquiry into the nature and function of the active material in the boiled extract.
The mixture (14 pl) contained 60 pM H3 4X174 DNA, E. coli DNA polymerase (400 units/ml), E. coli polynucleotide-joining enzyme (0.5 unit/ml), 0.6 mM each of dCTP, dTTP, dATP, and dGTP, 8 ,M DPN, 5 mM MgCl2, 20 mM Tris-HCl (pH 7.6), 70 mM KlC, 1 mM 1B-mercaptoethanol, albumin (40 pg/ml) and E. coli boiled extract in the amounts indicated (1 A20 unit = 1 ml with absorbancy of 1, at 260 mu, in 1-cm path length). Following incubation for 270 m at 250, the mixture was analyzed by alkaline sucrose gradient sedimentation (35,000 rpm, 55 min; see Methods) to determine the amount of duplex covalent circles that were formed. The ordinate (A duplex closed circles) was obtained by subtracting the figure for an incubation that contained no boiled extract (14 Apmoles).
(IRight) FIG. 2.-Assay of ability of oligodeoxynucleotides to stimulate replication. Mixture (14 Ml) was the same as described in Fig. 1 , except for inclusion of a-P32-dATP (20,000 cpm/ mumole), omission of joining enzyme and DPN, reduction of polymerase to 70 units/ml, and replacement of the crude boiled extract by an oligomer mixture (see Fig. 3 , below) in the amounts indicated on the abscissa. After incubation for 30 min at 370, the amount of synthesis was measured as acid-insoluble p32 by the glass filter method. The amount of synthesis without added oligomer (50 jusmoles) was subtracted to give the figures on the ordinate. In the absence of 4X174 DNA, there was less than 5 ppmoles synthesis obtained with 0.10 mumole oligomer. Assay conditions were the same as for Fig. 1 . The enzyme treatments were carried out with the extract diluted with 20 mM Tris-HCl (pH 7.6) to approximately A260 = 100. The following conditions were used: Pronase, 0.3 mg/ml, 60 min; trypsin, 0.1 mg/ml, 60 min; KOH, 0.3 M, 18 hr; pancreatic RNase, 0.1 mg/ml, plus RNase Ti, 20 pg/ml, 60 min; E. coli exonuclease I, 500 units/ml, 30 min; pancreatic DNase, 20 pug/ml, plus venom phosphodiesterase, 20 pg/ml, 30 min; pancreatic DNase (alone), 50 pug/ml, 60 min. The latter three mixtures included MgCl2 at 2 mM, and all mixtures were incubated at 370 except KOH which was at 25°. Trypsin was inactivated at 1000, 10 min; inactivation of the other enzymes, except Pronase, was carried out (after addition of EDTA, 5 mM) at 1000, 10 min, followed by treatment with 1 M KOH, 37°, 30 min. Pronase was extracted three times with phenol at 700, the phenol was removed with ether (seven extractions), and the mixture treated with 0.3 M KOH, 18 hr, 250. In all cases, KOH was neutralized with HCl.
Activity of oligodeoxynucleotides: Treatment of crude boiled extract with pancreatic DNase, which forms oligonucleotides from DNA,6 increased the activity tenfold (Table 1) . Purified high-molecular-weight E. coli DNA had no detectable activity but after treatment with DNase became highly active. Untreated calf thymus DNA also had no activity but became active after digestion with pancreatic DNase. These results indicate that the activity may be ascribed to oligodeoxynucleotides and that there was no specificity as to source of the latter.
Digestion with pancreatic DNase destroyed almost all intrinsic template activity in the boiled extract, making it possible to employ a simpler assay which measured augmentation of the template activity of a single-stranded DNA by the digest (Fig. 2) . The activity measured by this assay was the same as with the replication-joining assay described earlier, as indicated by the parallel results obtained when both assays were performed on samples of different activity. This assay was used to examine the effect of oligomers on DNA templates other than 4X174 DNA. The results indicated that with a given source of oligodeoxynucleotide there was also no strict specificity for template. Although varying widely in efficiency, oligomers from either E. coli or calf thymus stimulated replication of a variety of templates, including denatured DNA from E. coli, calf thymus, and T7 and T4 bacteriophages ( Table 2 ). There was no detectable stimulation of the replication of double-stranded DNA by oligomers.
Oligomers in a wide range of chain lengths were active. A DNase digest of E. coli DNA when chromatographed on Sephadex G-50 showed a distribution of activity from a chain length of approximately four residues to 30-40, near the exclusion limit' (Fig. 3) . The latter represents the upper limit found in these digests rather than an upperlimit of effective size. Longer chains were not tested.
The basis for the observed differences in enhancement of template activity with different template oligomer combinations ( Assay conditions were the same as described for Fig. 2 , except for replacement of the OX174 DNA (template) by an equivalent amount of heat-denatured DNA from other sources, as indicated. The oligodeoxynucleotide mixture (Fig. 3 ) was present at concentrations that varied from 7 to 50 1AM.
All incubations were for 30 min at 37°. The syntheses obtained with two control incubations, one without template and one without oligomer, were subtracted from the synthesis obtained with the complete mixture. This increment in product was divided by the amount of oligomer in the 14-A1 mixture to give the figures listed here for comparison.
include trivial factors, e.g., content of small fragments in the template preparation. Homology, as regards source of the template and oligomer, does not appear to be an important factor. It would be expected that oligomers of this size range would include a random mixture of nucleotide sequences, irrespective of DNA source. However, the possibility that among these, some preferred, or even unique, sequence is required for activity cannot be excluded at this time.
Incorporation of oligodeoxynucleotides into the enzymatic product: In homopolymer template systems such as poly dA plus oligo dT, the oligomer serves as primer on the complementary polymer template,9' 10 and similar mechanisms have also been considered for DNA."-"3 Since this type of chain initiation implies incorporation of the oligomer into the enzymatic product, the relevance of this mechanism to the present system can be tested directly. PI2-labeled oligomers were prepared from P32-labeled E. coli DNA with the same procedure that was used to prepare unlabeled oligomer (Fig. 3) . When P'2-oligomers were employed in the replication-joining reaction with HI-labeled circular DNA template, there was clear evidence of p32 inclusion in the duplex circular product identified by alkaline sucrose gradient sedimentation (Fig. 4) . The ratio of p32 to HI across the peak was constant and was equivalent to 1 atom of labeled phosphorus per 25,000 nucleotide residues in the product strand. Since there are 5,500 residues in the product strand, this is equivalent to 1 atom of phosphorus for every five duplex circular molecules. In some other experiments there was as much as twice this amount of phosphorus (Table 3) , but the figure always remained well below 1 atom of phosphorus per DNA molecule.
This very low level of incorporation would at first seem to exclude the hypothesis relating the activity of oligomer to a primer function (see above), and suggest that the p32 inclusion represents some form of artifact. One possibility for artifact is contamination of the oligomer mixture with P"2-labeled deoxynucleoside triphosphate from the labeled E. coli extract. Four reasons can be cited against this: (1) a Sephadex fraction that should have had a reduced contamination with triphosphates gave the same amount of p32 in product (Table 3, -Alkaline sucrose gradient sedimentation of duplex closed circles containing p32 derived from oligodeoxynucleotides. The incubation mixture (0.42 ml) was the same as described in Fig. 1 , except thatP32-labeled oligodeoxynucleotides (see text) (6.7 orM, 740 cpm/ scimole) replaced the boiled extract. Incubation for 270 mi at 250 was followed by alkaline sucrose gradient analysis (Fig. 1) . Under the conditions used for the latter, the peak of duplex closed circles appeared in fraction 7.
(Right) FIG .01 Incubation mixtures (0.21-0.42 ml) for I, II, III A, and IV A and B were as described for Fig. 1 , except for replacement of the boiled extract by 21 jUM P32-labeled oligomer (800 cpm/,uAjmole) (see text). After 270 min at 240, the reaction was terminated with EDTA (10 mM). In III B, the P32-labeled oligomer was the first half of the Sephadex G-50 pool (Fig. 3) used for the other incubations; III C was the same, except that the concentration of each triphosphate was 0.15 mM instead of 0.6 mM. Details of part IV are given in the text. All mixtures were denatured with NaOH (0.12 M) before centrifugation in alkaline sucrose (see legend to Fig. 1 ).
* Refers to ratio of moles labeled phosphorus to moles duplex molecules (not residues).
p32 included in the product was the same in both cases (Table 3 , IV A and B).
An additional reaction was carried out with an equivalent amount of unlabeled oligomers, which were removed by Sephadex treatment at the end of the incubation. The same amount of P32-labeled oligomers were then added, and the mixture was denatured with alkali and sedimented in alkaline sucrose. In this case there was no p32 in the product (Table 3, IV C) . It would seem, therefore, that the source of p32 in the product was the oligomer and that the association with product was not the result of some form of mechanical trapping. The possibility that the low level of incorporation may have been related to the exonuclease activities of DNA polymerase, now known to be capable of attack at both 3' and 5' termini,5' 16 was underlined by the progressive loss of acid-insoluble p32 during the course of the incubation. The prolonged incubations with large excesses of polymerase enzyme were considered to have favored loss of oligomer in the product. Accordingly, short incubations with limiting polymerase levels were used in an attempt to retain more of the fragments in the product. The results of such an incubation, for five minutes at 370, examined in a neutral sucrose gradient, are shown in Figure 5 . A separate alkaline sucrose gradient (not shown) on a portion of the same material indicated that the product had a molecular weight of 700,000, i.e., the circular DNA templates were, on the average, approximately 40 per cent replicated at the time the reaction was stopped. Instead of 1 atom of oligomer-phosphorus in 25,000 residues of product, as in the previous experiment, the ratio here was 1 in 500. In control experiments it was found that omission of either triphosphates, Mg++, or enzyme eliminated thep32 peak as well as the product. Thus, under the conditions used here, since synthesis was necessary, simple annealing of oligomer to template does not explain the association of p32 with product. This experiment also demonstrates the inhomogeneity in distribution of p32 in the product that, It may be concluded, therefore, that oligodeoxynucleotides underwent direct covalent incorporation into the enzymatic product. The amount of oligomer found associated with product varied greatly with the conditions employed and was greatest in the shortest product chains and after short incubation times. The data may be interpreted to mean that, initially, there was one oligomer associated with one product chain, followed by progressive removal, presumably by the exonuclease activities of DNA polymerase, until little or no oligomer material remained. This then does support a mechanism of initiation by DNA polymerase with oligomer primers, for which additional evidence will be presented in a subsequent report.
Summary.-Oligodeoxynucleotides augment the template activity of singlestranded DNA for E. coli DNA polymerase. The effect varies widely in intensity, but there does not appear to be strict specificity in regard to source of oligodeoxynucleotide, source of template DNA, or chain length of oligodeoxynucleotide.
The oligodeoxynucleotides are incorporated into the newly synthesized DNA in covalent union. The data are consistent with the initial inclusion of one oligomer in each product chain and warrant the tentative conclusion that the oligomer serves as primer for the new chain. With continued synthesis the amount of oligomer in the product diminishes progressively, due to the exonuclease activities associated with DNA polymerase, with the result that oligomer is ultimately completely removed from most product strands.
